Background/Aims: The effect of treatment with gum acacia (GA), a prebiotic shown previously to ameliorate chronic kidney disease (CKD), in diabetic and non -diabetic rats with adenine -induced CKD has been investigated using several conventional and novel physiological, biochemical, and histopathological parameters. Methods: Diabetes mellitus was induced in rats by a single injection of streptozotocin (STZ). Diabetic and non -diabetic rats were randomly divided into several groups, and given either normal food or food mixed with adenine (0.25% w/w, for five weeks) to induce CKD. Some of these groups were also concomitantly treated orally with GA in the drinking water (15% w/w). Results: Rats fed adenine alone exhibited physiological (decreased body weight, increased food and water intake and urine output), biochemical (increase in urinary albumin/creatinine ratio, plasma urea and, creatinine, indoxyl sulfate and phosphorus), inflammatory biomarkers (increased in neutrophil gelatinase-associated lipocalin, transforming growth factor beta -1, tumor necrosis factor alpha, adiponectin, cystatin C and interleukin-1β), oxidative biomarkers (8-isoprostane, 8 -hydroxy -2-deoxy guanosine), nitrosative stress biomarkers (nitrite and nitrate) and histopathological (increase in tubular necrosis and fibrosis) signs of CKD. STZinduced diabetes alone worsened most of the renal function tests measured. Administration of adenine in STZ -diabetic rats further worsened the renal damage induced by adenine alone. GA significantly ameliorated the renal actions of adenine and STZ, given either singly or in combination, especially with regards to the histopathological damage. Conclusion: GA is a useful dietary agent in attenuating the progression of CKD in rats with streptozotocin-induced diabetes.
Introduction
Chronic kidney disease (CKD) is a significant public health problem worldwide with a global prevalence of 11% to 13% [1, 2] , as it can lead to a high prevalence of morbidity and mortality. CKD is associated with inflammation and premature aging [3, 4] . It usually progresses to end stage renal disease (ESRD), necessitating dialysis or renal transplantation [5] .
Diabetes mellitus (DM) is a well-known chronic metabolic disease, causing hyperglycemia, which can cause many complications, including nephropathy that can lead to ESRD [6] . Diabetic patients on dialysis can only be rescued by renal transplantation. This is a very effective therapy, but it is expensive and extremely limited by the availability of donor kidneys [7] .
Adenine -induced CKD is a well -tested animal model [8] [9] [10] [11] , and has been used to investigate the effectiveness of several agents against experimental CKD [12, 13] .
The pathophysiological basis of CKD and its complications include inflammation, oxidative stress and apoptosis, features that are always seen in human beings and animals with CKD [14] [15] [16] . There are also major mediators of the disease such as C-reactive protein, tumor necrosis factor and other cytokines, and several markers of nitrosative and oxidative stress, exerting similar effects in CKD models in rats [16] [17] [18] [19] .
The prebiotic gum acacia (GA) is a dietary soluble fibrous and complex heteropolysaccharide obtained from either Acacia senegal or A. seyal trees [20, 21] . Since the first report about the usefulness of GA in patients with CKD [22] , several experimental and clinical publications have confirmed the salutary actions of GA in CKD [23] [24] [25] [26] . GA has also been reported to be useful in mice with diabetic nephropathy [26] and in alloxan -induced diabetes in rats [27] .
Thus, our aim here was to investigate the possible ameliorative effect of GA on several parameters of renal structure and function in streptozotocin-induced diabetes in rats with adenine-induced CKD using several traditional and the more sensitive novel biomarkers [28] .
Materials and Methods

Animals
Male Wistar rats (9-10 weeks old, initially weighting about 200 g) were provided by the Animal House of Sultan Qaboos University (SQU) and accommodated in a room at a temperature of 22 ± 2°C and relative humidity of about 60%, with a 12 h light-dark cycle (lights on at 6:00 am). Rats were given free access to a standard pellet chow diet containing 0.85% phosphorus, 1.12% calcium, 0.35% magnesium, 25.3% crude protein and 2.5 IU/g vitamin D3 (Oman Flour Mills, Muscat, Oman) and tap water. The study was approved by the University Animal Ethical Committee (SQU/AEC/13/01) and was conducted in conformity with international laws and policies (EEC Council directives 86/609, OJL 358, 1, December 12, 1987; NIH Guide for the Care and Use of Laboratory Animals, NIH Publications No. 1985) .
Experimental design
After an acclimatization period of one week, rats (n = 48) were randomly divided into eight equal groups and treated for 35 consecutive days as follows: The 1st group (con) was fed a normal diet until the end of the study (control group). The 2 nd group (A) was treated as above, but fed a diet containing adenine (0.25% w/w in feed). The 3 rd (GA) group was given normal feed and GA in drinking water at a concentration of 15% w/v. The 4 th group (A+GA) was given adenine in the feed as in group two, plus GA in drinking water as above. The 5 th (STZ), 6 th (A+STZ), 7 th (GA+STZ) and 8 th (A+GA+STZ) groups were treated in the same manner as the 1 st , 2 nd , 3 rd and 4 th groups, respectively, except that rats in these latter four groups were made diabetic by injecting them intraperitoneally with streptozotocin (STZ), as described below. The doses of adenine and GA were chosen from previous reports [24, 29] .
During the treatment period, the rats were weighed weekly. One day before the last day of experiment rats were placed singly in metabolic cages to collect the urine voided in the last 24 h. Twenty-four hours after the end of the treatment, the rats were anesthetized with ketamine (75 mg/kg) and xylazine (5 mg/ kg) intraperitoneally, and blood (about 4-5 mL) was collected and centrifuged at 900 g at 4 °C for 15 min to separate plasma. Urine was similarly centrifuged. The plasma and urine were stored at −80 °C to await analysis. The animals were sacrificed by an overdose of the anesthetic, and the kidneys were removed, blotted on filter paper, and weighed. Part of the right kidney was placed in formalin for subsequent histopathological examination, as reported earlier. The remainder of the right and left kidneys were individually wrapped in aluminum foil and then dipped in liquid nitrogen and stored at −80°C, pending analysis within 10 days or less [30, 31] .
Induction of diabetes
Diabetes was induced after 18 h fasting by intraperitoneal (i.p.) injection of STZ, at a dose of 50 mg/ kg, dissolved in 0.1 M citrate buffer (pH 4.5). Other groups of rats were injected with citrate buffer. Two days thereafter, the blood glucose (BG) concentration was checked using a OneTouch® UltraMini® Meter (LifeScan, Milpitas, CA, USA) using a drop of blood obtained by pricking the tail tip. Rats with blood glucose concentrations ≥ 14 mmol/L were considered diabetic. Adenine and GA were given 3 weeks after either STZ or citrate buffer injections. Body weight was measured daily, fasting blood glucose concentration weekly, and blood insulin concentrations once at the end of the experiment.
Insulin resistance (HOMA-IR) was estimated using the homeostatic model assessment, using the formula HOMA-IR = fasting glucose (mmol/L) × fasting insulin (mU/L) /22.5 [32] .
Biochemical methods
Creatinine and urea in plasma and creatinine and albumin in urine were measured with an autoanalyzer. Plasma concentration of indoxyl sulfate (IS) was assayed using an HPLC method as previously described [33] . Plasma concentrations of neutrophil gelatinase-associated lipocalin (NGAL), transforming growth factor beta -1 (TGF-β1), tumor necrosis factor alpha (TNF-α), adiponectin, cystatin C, interleukin-1β (IL-1β) and interleukin-10 (IL-10), as well the renal oxidative of 8-Isoprostane and 8 -Hydroxy -2-deoxy Guanosine (8 -OHdg) were measured using ELISA kits. Urinary N-acetyl-β-D-glucosaminidase (NAG) activity was determined with a colorimetric kit. Osmolality was measured by freezing point depression using the Osmomat 3000 (Gonotec GmbH, Berlin, Germany).
Histopathological methods
The methods used here were identical to those reported before [17, 24] . Briefly, the kidneys were first weighed and then sampled and fixed in 10% neutral-buffered formalin for 24-48 hrs, dehydrated in increasing concentrations of ethanol, cleared with xylene and embedded in paraffin. Four-micrometer (µm) sections were prepared from kidney paraffin blocks and stained with hematoxylin and eosin (H & E). The microscopic scoring of the kidney sections was carried out in a blinded fashion by a pathologist who was unaware of the treatment groups, and assigned a score which represents the approximate extent of the necrotic area in the cortical and medullary tubules, and assigned a score on a scale of 0-4 (0, no necrosis; 1, a few focal necrotic areas of ≤25% of the kidney; 2, necrotic area was about 26-50% of kidney; 3, necrotic area was 51-75% of kidney; 4, nearly the entire area was necrotic, with the necrotic area being 76-100% of kidney). The size of the necrosis was also estimated, and values were presented as means ± SEM. The used scoring system was adapted with modification from a previously published system [34] .
Four-µm sections were prepared from paraffin blocks and stained with Sirius Red stain to assess the degree of interstitial fibrosis. Image J software (NIH, USA) was used to measure the extent of necrosis and fibrosis.
Drugs and chemicals
Adenine, GA and STZ were bought from Sigma (St. Louis, MA., USA). Plasma urea, creatinine and urine albumin were measured using standard laboratory methods by an LX20 multiple automated analyzer (Beckman Coulter, CA, USA). NAG was determined using a colorimetric kit from Diazyme (Poway, CA, USA). Plasma NGAL, TGF-β1, IL-10, nitrite, nitrate, and IL-1β were measured using ELISA kits from R & D (Minneapolis, MN, USA). Urine kidney injury molecule (KIM -1) and vanin -1 (VNN1) were determined using ELISA kits (Cloud Clone corp, TX, USA). TNF-α), cystatin C and adiponectin were measured using ELISA kits from Abcam (Cambridge, UK). 8-Isoprostane and 8 -OHdg were quantified using kits from Cayman (Ann
Results
Nutrition and glucose metabolism
The physiological data of the eight groups of rats in the experiment are shown in Table  1 . GA, adenine and STZ, given separately or together, significantly reduced the weight gain of rats. When given either separately or together, adenine and STZ increased the absolute and relative kidney weight, feed and water intake and urine output. Fig. 1 depicts the concentrations of fasting glucose and insulin, and the insulin resistance ratio in control and diabetic rats given adenine and / or STZ. No change in the blood glucose concentration was noted in CON group, and in A, GA or GA+A groups. STZ, either alone or together with either adenine or GA significantly elevated the fasting glucose concentrations when compared with the above four groups. However, the elevation was highest in GA+STZ group, and lowest in A+STZ group. Rats in A+GA+STZ group had a glucose concentration not significantly different from that of rats in A, GA and STZ groups. Table 2 depicts the effects of adenine, STZ and GA, each given alone or in combination on renal function tests in plasma. A group had a significantly higher concentration of creatinine, urea, NGAL and IS (P < 0.05) than CON group. Rats with STZ -induced diabetes (STZ, A+STZ, GA+STZ, A+GA+STZ) had significantly higher values of creatinine, urea, IS and cystatin C than CON group (P < 0.05). GA did not significantly affect any of these analytes when compared with the CON group (P > 0.1). Combination of adenine and STZ aggravated the effect of either on urea level, but not the other analytes. The values in rats concomitantly given GA and adenine (A+GA group) were significantly lower than in rats given adenine alone (A group). Administration of GA to rats given adenine and STZ (A+GA+STZ) mitigated their actions on IS.
Kidney function
The effect of GA administration on diabetic and non -diabetic rats with adenineinduced CKD on some urinary analytes are shown in Table 3 . Adenine significantly increased the albumin -creatinine ratio, NAG activity, and the concentrations of KIM-1 and VNN1, and Table 2 . Effect of gum acacia (GA) treatment on creatinine, urea, neutrophil gelatinase-associated lipocalin (NGAL), indoxyl sulfate and cystatin C, in serum of control rats (CON), and rats administered concomitantly adenine (A) and /or streptozotocin (STZ). Values in the tables are means ± SEM (n = 6). CKD was induced by including A in the feed (0.25 % w/w for 35 days); GA (15% w/v) was given to rats concurrently in the drinking water. STZ (50 mg/kg) was intraperitoneally injected once to induce diabetes. Table 3 . Effect of gum acacia (GA) treatment on creatinine clearance, albumin/creatinine ratio, N-acetylbeta-D-glucosaminidase (NAG), kidney injury molecule -1(KIM-1), vanin and osmolality, in urine of control rats (CON), and rats administered concomitantly adenine (A) and /or streptozotocin (STZ). Values in the tables are means ± SEM (n = 6). CKD was induced by including A in the feed (0.25 % w/w for 35 days); GA (15% w/v) was given to rats concurrently in the drinking water. STZ (50 mg/kg) was intraperitoneally injected once to induce diabetes. decreased creatinine clearance and osmolality in A, A+GA, A+STZ and A+GA+STZ groups. GA administered groups (A+GA, A+GA+STZ) ameliorated these adenine-induced effects.
Kidney histology
The general appearance of the diabetic and non-diabetic rats with adenine -induced CKD was subjectively judged to be improved by GA treatment. Grossly, the kidneys from the CON and GA groups appeared normal. However, the kidneys of adenine-administered rats (A group) were pale and with white crystals, similar to those described before [15] . The gross appearance of the kidneys of the diabetic and non-diabetic rats A+GA group was improved compared with the kidneys of rats given adenine and STZ, alone and in combination (A, A+STZ, STZ groups). Table 4 and Fig. 2 and 3 show the effect of GA administration on histopathology of kidney section of diabetic and non-diabetic rats with adenine-induced CKD. The CON and STZ groups showed normal kidney architecture and histology (score 0 for necrosis, (Fig. 2 CON&STZ) . Sirius red stain indicated no evidence of fibrosis (score 0; Fig. 3 CON&STZ). The A group had diffused tubular necrosis in 52.2±5.3% of the examined tissue areas (score 3) showing tubular distention with necrotic material involving tubules, with deposition of adenine crystals, loss of brush border of proximal tubules, dilatation of large number of tubules, mixed inflammatory cells infiltration of the interstitium, focal tubular atrophy (Fig. 2 A) , and significant interstitial fibrosis (41.6 ± 3.8%, score 2; Fig. 3 A) .
The A+STZ group exhibited diffuse tubular necrosis in 37.8 ± 6.5% of examined tissue areas (score 2) showing tubular distention with necrotic material involving loss of brush border of proximal tubules, dilatation of a large number of tubules, mixed inflammatory The adenine group (A) also showed intratubular deposition of adenine (arrow head). The GA (GA) and GA-STZ (GA+STZ) groups showed normal kidney architecture and histology. The adenine-GA (A+GA) group showed an improvement in the histologic appearance with focal areas of tubular necrosis (thin arrow) and less intratubular deposition of adenine (arrow head). The adenine-STZ-GA (A+GA+STZ) group showed an improvement in the histologic appearance with focal areas of tubular necrosis (thin arrow), and had less dilated tubules, interstitial inflammation and less atrophic tubules. Representative photographs of Sirius red staining on sections of renal tissues from control rats, and rats treated with adenine, streptozotocin (STZ), and gum acacia (GA), alone or in different combinations. The control (CON) and STZ (STZ) groups showed normal kidney architecture and histology. The STZ (STZ) group showed no increase in interstitial fibrosis and had normal perivascular fibrous tissue (thin arrow). The adenine (A) and adenine-STZ (A+STZ) groups showed an increase in interstitial fibrosis (thin arrow). The GA (GA) and GA-STZ (GA+STZ) groups showed normal kidney architecture and histology, with normal perivascular fibrous tissue (thin arrow). The adenine-GA (A+GA) group showed an improvement in the histologic appearance and a significant decrease in interstitial fibrosis (thin arrow) when compared with the adenine group (A). The adenine-STZ-GA (A+GA+STZ) group showed an improvement in the histologic appearance and a significant decrease in interstitial fibrosis (thin arrow) when compared with the adenine-STZ group (A+STZ). The GA and GA+STZ groups showed normal kidney architecture and histology (score 0, Fig. 2  GA&GA+STZ) . Sirius red stain showed no increase in fibrosis (Fig. 3 GA&GA+STZ) . However, the A+GA group showed a significant improvement in the histological appearance when compared with the A group. The areas of tubular necrosis involved 19.2 ± 2.2% of the examined areas (score 1, Fig. 2 A+GA) ; there was less dilatation of the tubules, less interstitial inflammatory cells infiltration, less tubular atrophy, and less interstitial fibrosis (22.8 ± 3.2%, score 1, Fig. 3 A+GA) . The A+GA+STZ group showed significant improvement in the histological appearance when compared with the A+STZ group. They had focal areas of tubular necrosis involving only16.0 ±1.6% of the examined areas (score 1, Fig. 2 A+GA+STZ) , less dilatation of the tubules, less interstitial inflammatory cells infiltration, less tubular atrophy, and less interstitial fibrosis (14±1.2%, score 1, Fig. 3 A+GA+STZ) . Fig. 4 shows the effect of GA administration on diabetic and non -diabetic rats with adenine -induced CKD on the concentrations of some proteins and plasma inflammatory and anti-inflammatory cytokines. TNF-α, IL -1β, TGF-β1, and adiponectin were significantly increased, and IL -10 significantly decreased, by adenine administration (A group). GA and STZ, each given alone, were without any significant effect on any of these analytes (GA and STZ groups). When GA was given concomitantly with adenine (A+GA group), it blunted significantly the actions of adenine on the measured indices. STZ together with adenine (A+STZ) produced variable effects on these cytokines and proteins. Compared with rats given adenine alone (A group), the value of IL -10 was significantly higher in A+STZ group, while the values of TGF-β1 and adiponectin were slightly lower. In comparison with values from rats given GA alone (GA group), in the rats given both GA and STZ (GA+STZ group) the values of TNF-α and TGF-β1 were significantly higher. However, there was no significant difference between the two groups in the values of IL -10, IL -1β and adiponectin. In rats given the three agents together (A+GA+STZ) the values of TNF-α, IL -1β and adiponectin were significantly lower than those in the group given adenine alone (A group), and the value of IL -10 was significantly higher.
Systemic inflammation
Oxidative and nitrosative stress
The effect of administration of GA on some oxidative and nitrosative indices (8 -OHdg, 8 isoprostane, nitrite and nitrate) in plasma of diabetic and non -diabetic rats with CKD Fig. 4 . Effect of gum acacia treatment (GA,15% w/v) on the plasma concentrations of tumor necrosis factor -alpha (TNF-α), interleukin-10 (IL-10), interleukin-1beta (IL-1β), transforming growth factor beta -1 (TGF-β1) and adiponectin in control rats (CON), and rats concomitantly given adenine (A, 0.25% w/w) to induce chronic kidney disease and streptozotocin (STZ, 50 mg/kg) to induce diabetes. Each column and vertical bar represents mean ± SEM (n = 6). Different superscripts indicate significance as follows:
a denotes significance of different groups vs. is shown in Fig 5. GA or STZ given singly or together (GA, GA+STZ and STZ groups), did not affect any of the four indices measured. Adenine (A group) significantly increased, to a similar degree, the concentrations of the four indices measured. Combination A+GA+STZ significantly reduced the concentrations of the four indices, when compared with the data obtained A group.
Discussion
In this work, our aim was to evaluate the possible impact of experimental diabetes on the renal damage induced by adenine feeding, and the effect of administration of GA thereon. The validity of feeding adenine as a rodent model for human CKD has been confirmed before by several authors [10] . Recently a new model of CKD, using spontaneously diabetic Torii rats has been reported, and was found to be particularly useful in CKD with mineral bone disorder [35] .
In 2016, the International Society of Nephrology identified ten themes that need to be addressed regarding CKD, and one of these was to develop novel therapeutic interventions to slow CKD progression and abate its complications [36] . Previous results obtained by us, and by others [26] have confirmed the beneficial effects of the novel prebiotic GA in CKD in human CKD patients [22, 23] , and in rats with adenineinduced CKD [29] , but not rats subjected to 5/6 nephrectomy [37] .
As the prevalence of CKD of stages 3-5 (glomerular filtration rate [GFR] <60 mL/ min) is about 30 % in patients with type 2 DM [38] , it was deemed of interest to find out experimentally if GA administration would benefit diabetic rats with CKD.
Nutrition and glucose metabolism
The mechanisms by which GA abates the studied parameters of CKD may include, among other possible factors [39] , its ability to decrease the inflammatory cytokines and oxidative and nitrosative stress markers that are significantly elevated by adenine feeding [29] . Another possible factor in the salutatory action of GA may be obesity, which is known to be a significant problem and a modifiable risk factor in patients with many diseases, including CKD, and the prevalence of obesity is progressively increasing in the general population, including CKD patients [40] . GA has been reported to reduce body weight of normal rats and obese humans [26, 30, 41] . Therefore, it is also likely that the salutary effect of GA might be related, among other factors, to the body weight reduction observed in rats affected with CKD. Interventions made to reduce body weight in patients with CKD have been confirmed to benefit glycemic control, body mass index and body composition, functional status and quality of life, without causing harmful effects [42] . Compared to control, STZ as expected caused less insulin and insulin resistance ratio and a higher fasting glucose (Figure) . GA ameliorated the effect of STZ by causing more insulin secretion and a higher insulin resistance as also demonstrated in figure. However, we noticed that contrary to rise in insulin, fasting glucose was higher in GA+STZ than in STZ group alone. This finding requires further exploration to see whether this is a constant effect of GA with STZ or experimental error/artificial.
Renal structure and function
Beside the traditional biomarkers of renal damage (such as plasma urea and creatinine), we measured in this work the concentration and activity of some novel and more sensitive biomarkers of renal dysfunction. For example, we used sclerostin concentration as a novel plasma biomarker to assess CKD. Plasma NGAL concentration was initially introduced as a novel biomarker for acute kidney injury [43] and we have used it here, and in recently published work [44] as a biomarker for CKD in rats. Gil et al., have recently verified the use of NGAL as a reliable renal index in adenine -induced CKD. Other novel markers include KIM-1, cystatin C and VNN1 [45] . The reliability, efficacy, sensitivity and specificity of these renal markers have been shown in recent literature [28] .
Oxidative stress, nitrosative stress and systemic inflammation Oxidative stress and inflammation represent constant pathophysiological features in CKD [46, 47] , and agents that can reduce these pathophysiological processes may be beneficial in preventing, treating or delaying the progression of the disease. The mechanisms by which GA abates the studied parameters of CKD may include, among other possible factors [39] , its ability to decrease the inflammatory cytokines and oxidative and nitrosative stress markers that are significantly elevated by adenine feeding [29] .
In addition, we investigated also the possible changes in the concentrations of nitric oxide (NO) in CKD. The total amount of NO in plasma can be measured using the stable oxidation metabolites of NO, nitrite and nitrate. The plasma levels of both metabolites were significantly elevated in rats given adenine. While there are reports of NO deficiency in CKD patients [48] , the current data are in harmony with findings of a previous study, which indicated a possible enhancement of NO synthesis in uremic patients, as well as in cultured endothelial cells subjected to uremic plasma [49] .
Increase in the concentration of the pro -inflammatory cytokine, TNF-α in subjects with renal failure has been suggested as one of the possible mechanisms of the increase in NO plasma content [50] . In the current study, GA prevented the increase in NO metabolites in rats with renal failure, and this might have resulted from the anti-inflammatory and antioxidative effects of this product that have been previously reported [21] .
In line with our previous results [51] , adenine induced a significant elevation in the concentration of the uremic toxin IS in plasma. In adenine -fed rats, GA significantly antagonized that action. Probably, the concentration of IS was reduced by GA via its interference with the bacterial degeneration of indole or by absorbing the latter within the intestine, as was suggested earlier as a mechanism of action of IS [52] .
It should be noted with regard to the measurement of oxidative stress biomarkers (especially catalase) using ELISA kits that these kits might not be specific, and are likely to pick up other peroxidase activities that contribute to the overall catalase -like activity Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry measured here [53] . Probably in future work, these biomarkers should be determined using a more sensitive method for these particular enzymes, such as liquid chromatography-mass spectrometry.
It is of interest to mention here that STZ -induced diabetes has previously been shown to ameliorate the signs of gentamicin -induced acute kidney injury in rats [54] . This was assumed to be related to decreased cortical accumulation of the antibiotic. These results are in contrast to those obtained with the adenine -induced model of CKD here. It would be of interest to measure in future experiments the concentration of adenine or its metabolite in the urine and renal tissues of diabetic and control rats fed adenine.
Conclusion
STZ -induced diabetes worsened some of the physiological, biochemical and histological indices of renal damage induced by adenine. Concomitant treatment with GA abated the effects of adenine and STZ, given either singly or in combination. These results might have a great potential for translation to humans and the obtained data might set the stage for clinical trials investigating the effects of GA in patients with CKD and diabetes.
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